Abstract-The fabrication of Tm/Al-doped silica preforms by an improved MCVD method with metal chelate precursors is discussed. Two fabrication techniques are employed, namely; simultaneous soot-dopant deposition (or standard MCVD) and stepwise soot-dopant deposition. The preforms are characterized by refractive index profiler and EPMA. The results show that the stepwise soot-dopant technique has a higher incorporation of Al2O3 and Tm2O3 as compared to the simultaneous soot-dopant method. This is due to the drawbacks of our chelate delivery system such as the temperature gradient and flow design. For the stepwise technique, the measured index difference of the preform is 0.006 with 0.8 wt% (maximum) Tm incorporated in the core.
I. INTRODUCTION
The progress in rare earth doped fiber fabrication has been tremendously evolving since the discovery of the first neodymium-doped fiber laser [1] , [2] . Recent advances in laser engineering require novel designs such as highly rare earth doped large core and precise index difference fibers. This has sparked more efforts to improve the fabrication of rare earth doped fibers [3] . In Modified Chemical Vapor Deposition (MCVD) technique, rare earth doped fibers, especially erbium doped fiber (EDF), have been successfully fabricated using solution doping technique [4] . This is adequate for EDF applications that only require low Er doping. Andrew et al. [5] used in-situ solution doping technique to improve the process as well as the preform/fiber quality.
In 1998, Tummineili et al. reported the first fabrication of rare earth doped fiber using MCVD and chelate vapor phase system [6] . Subsequently, more improvements in the fabrication of rare earth doped fibers using MCVD-chelate system have been reported [7] - [13] . A typical MCVD and chelate vapor system consists of a standard MCVD -with precursors like SiCl 4 , GeCl 4 , POCl 3 , BBr 3 , SF 6 , and CF 4 -and a thermal evaporation system -with metal organic precursors -utilizing heated delivery line. This delivery line is then combined with MCVD precursors' line inside the substrate tube. Nevertheless, the challenge in this fabrication process lies in the system itself from the heated delivery lines with good temperature gradient and suitable rotary seal to the oxidation process of metal organic precursors. Despite its promising results, reports on the issues related to the chelate delivery system and the oxidation of metal organic precursors are scarce in the literature.
In this paper, we report on our progress in the fabrication of Tm doped-silica preforms using MCVD-chelate technique. Initially, we employed the simultaneous soot-dopant technique (or standard MCVD process) and discovered some drawbacks in the chelate delivery system. After minimizing the problem, we used the stepwise soot-dopant deposition technique for a second fabrication. The preforms were then characterized by refractive index profiler, Electron Probe Microanalysis (EPMA) and Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS). The results showed that the stepwise sootdopant technique has higher incorporation of Al 2 O 3 and Tm 2 O 3 compared to the simultaneous soot-dopant technique.
II. EXPERIMENTAL Fig. 1 shows a schematic diagram of the MCVD-chelate delivery system used for the preforms fabrication. The chelate delivery system consists of two evaporator chambers having a maximum operating temperature of 235
• C. These chambers are connected to the substrate tube using heated delivery lines and a special rotary seal. In this work, Al(acac) 3 and Tm(tmhd) 3 were used as the metal organic precursors. The first preform was fabricated using the simultaneous soot-dopant technique where the vapors from both MCVD bubblers and chelate system chambers were deposited and sintered simultaneously. Table I lists the chambers temperatures, the carrier gas flow rates (Q c ), the reactants mass flow rates (Q v ) and the products mass flow rates (Q m ). The vapor pressures for Al(acac) 3 and Tm(tmhd) 3 were taken from [14] and [15] , respectively. In this technique, SiCl 4 , a trace of POCl 3 , Al(acac) 3 and Tm(tmhd) 3 vapors were delivered together into the substrate tube having 1900
• C surface temperature. The total O 2 flow rate was 1200 sccm and the forward deposition technique was employed. Initially, three forward deposition passes were intended with this technique but during the second pass, the chelate delivery system showed signs of clogging and at the third pass it had been completely clogged. Nevertheless, the process was resumed with sealing and collapsing the substrate tube to a solid preform. After analyzing the results, the chelate delivery system was improvised so as to include better thermal management and monitoring of the chambers and delivery lines (e.g., abrupt bends in the delivery lines were replaced with straight stainless-steel tubes). It was found that the main delivery line for chelate vapors could only operate at temperatures below 200
• C. Hence, the fabrication process was modified in order to improve the efficiency of Al and Tm deposition.
The second preform was fabricated using the stepwise soot-dopant deposition technique whereby standard MCVD reactants were delivered first and the metal chelate vapors were delivered in a subsequent step. The process parameters are listed in Table II . This technique is inspired from the MCVD solution doping technique [16] . Four layers of silica soot were deposited at 1650
• C followed by four passes of 900 sccm Al(acac) 3 and 600 sccm Tm(tmhd) 3 with 2000 sccm of O 2 . At the latter stage, forward and backward depositions were employed in order to enhance the deposition of Al and Tm. The backward deposition technique was first reported by Kirchoof et.al [17] for fluorine doped silica and it was adapted in this work. To ensure efficient oxidation of metal chelates, the partial pressure of oxygen was increased (O 2 :He set to 2:1) and the oxidation temperature was 1450
• C. The process was then continued with sintering (gradual increment of temperature from 1200 to 1900
• C in steps of 100 • C) and collapsing.
The fabricated preforms were then analyzed using refractive index profiler, SEM-EPMA and TOF-SIMS. From the refractive index profiler, information about index difference, core size and longitudinal uniformity were obtained. Samples from both preforms were cut into 3 mm thick disks and their surfaces were polished for SEM-EDX and TOFSIMS measurements in order to obtain dopant distribution profiles. Fig. 2(A) shows the index difference vs. preform diameter for the simultaneous soot-dopant technique. The profile shows two ripple structures in the core region which could represent the number of passes. The second ripple is slightly higher than the first one due to the unstable precursor (chelate) supply to the reaction zone. As mentioned in the experimental section, the delivery lines started clogging during the second pass and at the third pass they had been completely clogged. Inset in Fig. 2(A) shows an example of this event. Fig. 2(B) illustrates the Tm ions distribution across the core obtained using TOF-SIMS measurement. A total of 20 points were measured across the core region in steps of 100 µm. The radial distribution of Tm shows that Tm ions are concentrated in the middle of the core with a maximum concentration of 260 ppm. By using an index change of 2.5×10 −3 per mol% of Al 2 O 3 [16] and neglecting the effect of Tm on raising the refractive index, the Al 2 O 3 incorporated into the core was found to be 0.4 mol% (average ∆n=0.0013). Fig. 3 shows the index difference (∆n) of the preform fabricated using the stepwise soot-dopant technique. This profile is taken at Z=14 from the start of the process (i.e. Z=0 cm). It shows a homogenous distribution of ∆n with a maximum value of 0.006 and a core diameter of 1.43 mm. The inset in Fig. 3 illustrates the longitudinal uniformity of the preform for ∆n (left) and core diameter (right). It can be observed that the uniformity for both is achieved starting at Z=16 cm due to the temperature ramping profile. From our experience, uniformity achieved is better than MCVD-solution doping technique [17] . In solution doping technique the uniformity depend on the soot porosity and the solution concentration which limit the longitudinal uniformity of the preform. Another important view is the stepwise soot-dopant technique offer less number of process compared to solution doping technique (for example preform soot removal from lathe, soaking and drying process) which can affect the uniformity. SEM-EDX was used to obtain the dopants distribution profiles. The point identification (point ID) technique with 40×20 grid points was employed to probe the dopants contour. The energy spectrum is shown in Fig. 4 . The sum of wt% was found to be 0.8 and 1.12 for Tm and Al, respectively. Prior to measurement, the sample was polished using SiC and diamond polishing paper. Accelerating voltage is 25 kV and peak intensities for Al K α1 and Tm L α are 1.487 and 7.18 KeV, respectively is detected Fig. 5 shows a contour plot for the distributions of Al and Tm in the core of the preform. The Al shows a homogenous distribution; starting from a low concentration (0.2 wt%) at the left side of the core, increasing to 1.2 wt% in the middle of the core, and then decreasing to 0.2 wt% at right side of the core. This pattern is also paralleled by the refractive index profile (cf. Fig. 3) . A possible explanation for such profile is the diffusion of Al 2 O 3 during the high temperature (1900-2300
III. RESULTS AND DISCUSSION
• C) sintering and collapse stages after it was initially deposited on the silica soot surface. The difference between this technique and the solution doping technique is still being studied by our group. The Tm distribution exhibits a different pattern from that of Al (cf. Fig. 5 ). The Tm ions are mainly concentered in the middle of the core with a concentration of 0.8wt%. This is in contrast to TOF-SIMS results for Tm distribution obtained from the simultaneous soot-dopant technique where the Tm distribution was shown to parallel that of Al (mirror image). Possible reasons for this discrepancy are: (a) the difference in the detection limits between the two instrumental techniques (0.1 vs. 1×10-4 wt% (or 100ppb)) for EDX and TOF-SIMS, respectively) and (b) the clustering of Tm ions during the deposition and/or sintering and collapsing stages. The properties and performance of this fiber is beyond this paper and will be discussed in a separate article.
IV. CONCLUSION
In this paper we discussed about the fabrication of Tm/Al doped-silica preforms by using MCVD-chelate delivery system. It is very crucial for the chelate delivery system to have a proper thermal management for efficient vapor delivery. This in turn prevents the condensation of chelate precursors in the line and hence yields more uniform mass flow. Even though our chelate system has operating temperature limitations (especially for the vapor delivery lines), we managed to incorporate 2.4 mol% of Al 2 O 3 and 1.2 mol% of Tm 2 O 3 by using the stepwise soot-dopant technique. Good longitudinal uniformity of refractive index difference and core diameter were also obtained. However, future experiments should be focused on obtaining better distribution of Tm ions in the core of silica preforms.
